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Abstract: Despite their great promise for providing a pathway for very efficient and fast manipulation 
of magnetization at the nanoscale, spin-orbit torque (SOT) operations are currently energy inefficient 
due to a low damping-like SOT efficiency per unit current bias,  and/or the very high resistivity of the 
spin Hall materials. Here, we report an advantageous spin Hall material, Pd1-xPtx, which combines a 
low resistivity with a giant spin Hall effect as evidenced through the use of three independent SOT 
ferromagnetic detectors. The optimal Pd0.25Pt0.75 alloy has a giant internal spin Hall ratio of >0.47 
(damping-like SOT efficiency of ~ 0.26 for all three ferromagnets) and a low resistivity of ~57.5 μΩ 
cm at 4 nm thickness. Moreover, we find the Dzyaloshinskii-Moriya interaction (DMI), the key 
ingredient for the manipulation of chiral spin arrangements (e.g. magnetic skyrmions and chiral 
domain walls), is considerably strong at the Pd1-xPtx/Fe0.6Co0.2B0.2 interface when compared to that at 
Ta/Fe0.6Co0.2B0.2 or W/Fe0.6Co0.2B0.2 interfaces and can be tuned by a factor of 5 through control of the 
interfacial spin-orbital coupling via the heavy metal composition. This work establishes a very 
effective spin current generator that combines a notably high energy efficiency with a very strong and 
tunable DMI for advanced chiral spintronics and spin torque applications.  
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1. Introduction 
Current-induced spin-orbit torques (SOTs) in heavy metal/ferromagnet (HM/FM) systems have 
promise for more efficient and faster electrical manipulation of magnetization at the nanoscale than 
magnetic field and conventional spin-transfer torque.[1-7] The damping-like SOT generated by the bulk 
spin Hall effect (SHE) of the HMs is of particular interest in exciting magnetization dynamics at 
microwave and terahertz frequencies,[1,2] driving skyrmion and chiral domain wall displacement[3,4] or 
switching the magnetization of thin film nanomagnets.[5-7] Despite extensive efforts,[1-9] the energy 
efficiency of present SOT operations is still limited by a relatively low damping-like SOT efficiency 
(ξDL)[6] and/or a high resistivity (ρxx) of the spin Hall materials[8,9] (see Table I). When ρxx of the spin 
Hall material is comparable to or larger than that of the metallic FM being manipulated, the 
detrimental shunting of applied current through the FM layer will be significant (see Supporting 
Information). Another important ingredient for spin-orbit coupling (SOC) phenomena is the 
Dzyaloshinskii-Moriya interaction (DMI) at HM/FM interfaces due to the combination of the broken 
inversion symmetry and interfacial spin-orbit coupling (SOC).[10] The interfacial DMI is a short-range 
antisymmetric exchange interaction that can promote chiral spin alignments, e.g. in magnetic 
skyrmions and chiral domain walls.[3,4] The sign and magnitude of the interfacial DMI influence the 
direction and velocity of a chiral spin texture movement driven by damping-like SOT. For a 
perpendicularly magnetized multi-domain HM/FM structure, the interfacial DMI represents an 
obstacle for SOT switching of magnetization via a thermally-activated reversal domain nucleation and 
domain wall depinning process,[5] because it requires an external field or its equivalent that is larger 
than the DMI field applied along the bias current direction in order to switch the magnetization. This 
requirement leads to additional complexity in the design and implementation of SOT devices. The 
DMI may also play a role in the sub-ns micromagnetic dynamics that are critical to the reliable 
switching of nanoscale SOT-magnetic random access memories (MRAMs).[11,12] Therefore, 
exploration of new, more efficient HM spin Hall materials and new routes to tune the DMI strength 
4 
 
continues to be of significant scientific interest and technological importance. 
         Pt is a particularly interesting spin Hall material due to its giant intrinsic spin Hall conductivity 
(σSH) arising from the Berry curvature of its band structure.[13,14] However, the reported values of ξDL 
for Pt/FM systems are generally low, e.g. ~0.07 in Pt/Ni81Fe19 bilayers (ρxx ≈20 μΩ cm),[15] ~0.12 in 
Pt/Co bilayers (ρxx ≈ 30 μΩ cm).[16] Recently, the introduction of impurities[17] or disorder[18] has been 
found to raise ρxx and to degrade σSH of Pt (the band structure) at the same time. A good trade-off 
between ρxx and σSH can enhance ξDL of Pt to some degree (<0.16[18]) because ξDL=Tint(2e/ℏ)σSHρxx for 
the intrinsic SHE mechanism. Alloying Pt with Au was recently found to be more effective than 
introducing impurities and disorders in enhancing the ξDL as it allows significant increase in ρxx without 
degrading σSH in the fcc alloy with the optimized composition.[14] 
       In this work, based on direct spin-torque measurements using perpendicular magnetic anisotropy 
(PMA) Co, in-plane magnetic anisotropy (IMA) Co, and IMA Fe0.6Co0.2B0.2 as the FM detectors, we 
report an effective magnification of the damping-like SOT efficiency and internal spin Hall 
conductivity (i.e. ξDL and σSH) in Pd1-xPtx alloy. A large ξDL of ≈ 0.26 and a giant σSH of 1.1×106 ℏ/2e Ω-
1m-1 was obtained in Pd0.25Pt0.75 which still has a relatively low resistivity of ~57.5 μΩ cm, making Pd-
0.25Pt0.75 a strong and particularly advantageous spin Hall material from the viewpoint of energy 
efficiency of spintronic applications. We also find from Brillouin light scattering (BLS) measurements 
that the DMI at Pd1-xPtx/Fe0.6Co0.2B0.2 interfaces is both considerably strong and variable over a wide 
range (5⨉) by controlling the interfacial SOC via the HM composition.  
 
2. Results and Discussions 
2.1. Sample details 
 We sputter deposited Pd1-xPtx d/Co t bilayers and Pd1-xPtx d/Fe0.6Co0.2B0.2 t bilayers (here t and d are 
thicknesses in nm) with different Pt concentration (x = 0, 0.25. 0.5, 0.75, and 1) onto oxidized Si 
substrates (Figure 1a).  X-ray diffraction θ-2θ patterns (Figure S1, Supporting Information) show that 
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the fcc Pd1-xPtx (111) diffraction peak gradually shifts with increasing x, affirming the uniform alloying 
of the two elements. For this study, the Co layers were wedges with thickness varying between 0.75-
1.4 nm for x = 1 and between 0.64-0.94 nm for x ≤ 0.75 across the wafer to enable the study of both 
PMA and IMA Pd1-xPtx/Co devices. For Pd1-xPtx/Co bilayers, the saturation magnetization (Ms) varies 
between 1450 and 1700 emu/cm3 for different x, indicative of an enhancement due to a magnetic 
proximity effect at the interface,[19] which, however, should not degrade ξDL as is discussed in Ref. 
[20,21]. Ms for the Pd1-xPtx/Fe0.6Co0.2B0.2 bilayers remains almost constant with x, ~1200 emu/cm3. The 
stacks were patterned into 5×60 μm2 Hall bars by ultraviolet photolithography and ion milling. The 
magnetic bilayer samples were further patterned into 5×60 μm2 Hall bars for measuring SOTs by out-
of-plane (PMA bilayers) and in-plane (IMA bilayers) harmonic response measurements[22,23] (see 
Figure S2 and S3 in Supporting Information for more details).  
 
2.2. Tuning the SHE by composition  
We determined ρxx for 4 nm Pd1-xPtx layers by subtracting the sheet conductance of reference stacks Ta 
1/Co t/MgO 2/Ta 1.5 and Ta 1/ Fe0.6Co0.2B0.2 t/MgO 2/Ta 1.5 from that of our samples containing the 
Pd1-xPtx layer. As plotted in Figure 1b, ρxx for 4 nm Pd1-xPtx layers varies between 37.0 and 57.6 μΩ cm 
for different x. The alloys with 0.25 ≤ x ≤0.75 have greater ρxx than pure Pt or Pd for all three FM 
cases, which we attribute to enhanced electron scattering in the chemically disordered alloys. At a 
given x for the different FM samples, there are only small differences in ρxx likely due to modest 
differences in interfacial scattering. Figure 1c shows the x dependence of ξDL generated by 4 nm Pd1-
xPtx for PMA Co (t =0.64 or 0.75), IMA Co (t =0.94 or 1.4), and IMA Fe0.6Co0.2B0.2 (t =2.8) detectors. 
Here ξDL = 2eμ0MstHDL/ℏje, where μ0, Ms, and HDL are the permeability of vacuum, saturation 
magnetization, and the damping-like SOT effective field. For all three FM cases, ξDL increases quickly 
from ~0.07 at x = 0 (pure Pd) to the peak value of ~0.26 at x = 0.75, and then drops to ~0.20 at x =1 
(pure Pt). The consistent peak behavior of ξDL at x ≈ 0.75 is attributable to the non-monotonic x 
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dependence of ρxx (Figure 1b) and the giant apparent spin Hall conductivity 𝜎SH
∗  = TintσSH = 
(ℏ/2e)ξDL/ρxx for x ≥ 0.75. As seen in Figure 1d, 𝜎SH
∗ for 4 nm Pd1-xPtx increases monotonically with x 
and exhibits a weak peak at x ≈ 0.75 for the PMA case. Interestingly, the x dependence is functionally 
similar to the predicted behavior for the intrinsic spin Hall conductivities of Pd1-xPtx alloys in a recent 
ab initio calculation,[14] although as we will discuss below the actual spin Hall conductivities for Pd1-
xPtx are much larger than indicated by the ab initio results in Ref. [14] once the degradation of Tint by 
spin backflow (SBF) and spin memory loss (SML) at the FM interfaces[24] is taken into account.  
Finally, we point out that for each FM case, 𝜎SH
∗  of the 4 nm Pd0.25Pt0.75 is comparable with that of pure 
Pt, i.e. (4.6-5.1)×105 ℏ/2e Ω-1 m-1. This is distinct from the case of introduing Hf impurites into Pt,[17] 
where 𝜎SH
∗  is degraded by > 25% after the Hf impurity concentration reaches 12.5%. Another 
interesting observation is that  𝜎SH
∗  for each x is overall slightly different for the three FM detectors, i.e. 
𝜎SH
∗   (Fe0.6Co0.2B0.2 IMA) > 𝜎SH
∗  (Co IMA) > 𝜎SH
∗  (Co PMA). This difference is attributable in part to 
the Co thickness in the PMA sample being less than its spin dephasing length (~1 nm), because of 
which the spin current is not completely absorbed after going through the FM layer,[16] and in part, we 
speculate, to differences in SBF and SML at the different interfaces. The maximum ξDL ≈ 0.26 for 4 nm 
Pd0.25Pt0.75 is comparable to that of highly resistive β-W (≈300 μΩ cm),[8] while ρxx is as low as ~57.5 
μΩ cm, less than one-fourth of that of β-W with similar thickness.[8] It is interesting to notice that ξDL 
for 4 nm Pd0.25Pt0.75 is even slightly smaller than ~0.30 for 4 nm Au0.25Pt0.75 (≈ 80 μΩ cm)[14] due to its 
low ρxx despite that their similar 𝜎SH
∗ . We note also that ξDL ≈ 0.2 for the PMA Pt 4/Co 0.75 bilayers (ρxx 
≈51 μΩ cm, see Figure 1b) is larger than ~0.12 (~0.08) as previously reported for Pt/Co (Pt/Ni81Fe19) 
bilayers where ρxx was lower, as small as 30 (20) μΩ cm.[14,16] This difference in ρx and hence in ξDL is 
most likely due to differences in film growth protocols. Finally our result of ξDL = 0.07 for Pd is 
comparable with that reported for Pd/Co/AlOx (~0.06).[25]  
Now we consider possible reasons for the absence of the strong SHE and enhanced damping-like 
SOT efficiency in two previous reports.[26,27] Zhou et al. [26] reported from a spin-torque ferromagnetic 
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resonance (ST-FMR) study that the spin Hall angle (θSH) of Pd1-xPtx was enhanced to ~0.05 in the 
composition range 0.5 ≤  x ≤ 0.8 compared to -0.005 for Pd and 0.04 for Pt. In another inverse 
SHE/spin pumping work,[27] θSH of Pd1-xPtx was found to be ~0.17 at x≈0.8, which is larger than 0.045 
in Pd to 0.125 in Pt. Despite the similar trends as we observe, the two experiments seem to 
considerably underestimate the SHE strength of the alloys. We note that the ST-FMR analysis ignored 
any influence of SBF, SML, field-like SOT, and the measurement artifacts (e.g. a strong dependence of 
the SOT efficiency on the microwave frequency). Meanwhile, both spin diffusion length (λs) and ρxx of 
the HMs, which are crucial for the analysis of an inverse SHE experiment, were assumed to be 
independent of the HM thickness, which is however an invalid assumption as discussed below and in 
Ref. [28]. 
 
2.3. Spin backflow and internal spin Hall effect  
The spin diffusion length (λs) and spin conductance 1/λsρxx are two key parameters for the theoretical 
understanding of a spin Hall material, for determining the spin Hall ratio (θSH) of a HM via an inverse 
SHE experiment, and for optimizing the SOT effectiveness of the material. We determined 1/λsρxx for 
Pd0.25Pt0.75, the optimal composition for the largest ξDL (Figure 1c) by studying HDL and ξDL for a 
series of Pd0.25Pt0.75 d/Co 0.64 bilayers as a function of d. As plotted in Figure 2a, HDL/E initially 
increases quickly and then gradually saturates with increasing d, consistent with the spin diffusion 
behavior expected by the SHE model. ξDL, however, first increases as d increases from 2 nm, peaks at d 
=3-4 nm, and then drops gradually as d further increases (Figure 2b). This is a direct consequence of 
the combination of the decreasing ρxx with d as interfacial scattering becomes less dominant (Figure 
2c) and the rapid and then saturating increase in 𝜎SH
∗  (the black squares in Figure 2d) as d increases up 
to and then beyond the HM λs. Overall, the average resistivity ρxx of the Pd0.25Pt0.75 layers drops from 
86.8 μΩ cm at d = 2 nm to 37.4 μΩ cm at d = 8 nm. Such an interesting peak behavior of ξDL and the 
strong thickness dependence of ρxx were not observed in Au0.25Pt0.75 where the mean-free path was very 
short. [14] 
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If we assume the usual case where the interfacial spin mixing conductance G⇅ ≈ReG⇅, a negligible 
SML at the HM/FM interface, and a ρxx-independent λs, both λs and 𝜎SH can be obtained by 
[28]  
𝜎SH
∗ =σSH(1-sech(d/λs))(1+tanh(d/λs)/2λsρxxReG⇅)-1       [1] 
However, this equation is not valid for Pd0.25Pt0.75 as ρxx varies strongly with d and λs is not a constant 
if the Elliot-Yafet spin scattering mechanism dominates, where λs ∝ 1/ρxx. Considering this effect, we 
can use the “rescaling” method introduced in Ref. [28] to analyze our data. In Figure 2d, we plot 𝜎SH
∗  
as a function of the rescaled thickness d0 (the red circles) which uses 57.5 μΩ cm, the average 
resistivity of the 4 nm Pd0.25Pt0.75 film, as the constant reference resistivity (ρxx0). Using G⇅ ≈ 6×1014 Ω-
1m-2 as an approximation as calculated for Pt/Co interfaces,[29] the best fit of 𝜎SH
∗  vs d0 to the above 
Equation gives σSH ≈ (1.05 ± 0.02)×106 ℏ/2e Ω-1 m-1, λs ≈ 1.95±0.12 nm (for 4 nm thickness), and  Tint 
of 0.55. Accordingly, the internal θSH for 4 nm Pd0.25Pt0.75 is determined to be > 0.47 after the SBF 
correction. From these results we find 1/ λsρxx for Pd0.25Pt0.75 to be ≈ 0.89×1015 Ω-1m-2, which is slightly 
larger than 0.71 ×1015 Ω-1m-2 for Au0.25Pt0.75 but considerably lower than 1.3×1015 Ω-1m-2 obtained for 
Pt from a similar Pt thickness dependent study.[28] The relatively low spin conductance of Pd0.25Pt0.75 is 
advantageous for reducing SBF at Pd0.25Pt0.75 /FM interfaces. We also note that the large value for σSH 
is perhaps still a lower bound as it assumes an ideal Pd1-xPtx/Co interface and does not take into 
account any SML induced by interfacial spin-orbit scattering. This lower-bound spin Hall conductivity 
of ~1.1×106 ℏ/2e Ω-1 m-1 is substentially larger than 5.9×105 ℏ/2e Ω-1 m-1 of pure Pt [28] and 7.0×105 
ℏ/2e Ω-1 m-1 for the Au0.25Pt0.75 alloy[14], which indicates a significant enhancement in the spin Hall 
conductivity that warrant future theoretical efforts.  
 
2.4. Strong and tunable interfacial DMI 
Since the interfacial DMI strength is an important factor in many SOT phenomena and applications,[3-5] 
we quantitatively determined the interfacial DMI in Pd1-xPtx 4/Fe0.6Co0.2B0.2 2.6 bilayers by measuring 
the DMI-induced frequency difference (ΔfDM) between counter-propagating Damon-Eshbach spin 
9 
 
waves using BLS. Figure 3a shows the BLS measurement geometry, where a magnetic field H = 1700 
Oe was applied along the x direction to align the magnetization of the FM layer. The total in-plane 
momentum is conserved during the scattering process. The anti-Stokes (Stokes) peaks in BLS spectra 
correspond to the annihilation (creation) of magnons with a wave-vector k = ± 4πsinθ/λ, where θ is the 
light incident angle w.r.t. the film normal, and λ = 532 nm is the laser wavelength. In Figure 3b we plot 
ΔfDM as a function of k for different composition x. Here ΔfDM is the frequency difference of the ± k 
peaks and averaged for ± H (see more details in ref. [30]), as can be seen from the representative BLS 
spectrum in Figure 3c (|k| = 9.6 μm-1, H = 1700 Oe, x = 1). The linear relation between ΔfDM and k for 
each x agrees with the expected relation ΔfDM ≈ (2γ/πμ0Ms)Dk,[31.32] where γ ≈ 176 GHz/T is the 
gyromagnetic ratio and D is the volume-averaged (volumetric) DMI constant over the FM thickness. 
As shown in Figure 3d, with increasing x, D was tuned by a factor of ~5, i.e. from -0.57 to -0.12 
erg/cm2. This strong tunability of interfacial DMI is mainly attributed to the variation of the SOC 
strength at the Pd1-xPtx/ Fe0.6Co0.2B0.2 interface as indicated by the linear relation between D and the 
interfacial magnetic anisotropy energy density (Ks) as determined from Fe0.6Co0.2B0.2 thickness 
dependent anisotropy studies using spin-torque ferromagnetic resonance (see Figure 3e and Figure S4). 
We interpret the intercept of the linear Ks-D fit as representing the contribution of the 
Fe0.6Co0.2B0.2/MgO interface to the overall interfacial anisotropy energy density, i.e Ks (MgO) ace to 
the ov2 for these as-grown/unannealed samples, while Ks-Ks (MgO) is the contribution from the Pd1-
xPtx/Fe0.6Co0.2B0.2 interface and is an indicator of the interfacial SOC strength. Taking into account the 
inverse dependence of D on FM thickness t due to the volume averaging effect during BLS 
measurement, the total DMI strength for HM/Fe0.6Co0.2B0.2 interface can be estimated as Ds = Dt. For 
the Pd1-xPtx/Fe0.6Co0.2B0.2 interfaces, Ds changes from -1.47×10-7 erg/cm at x = 1 to -0.30×10-7 erg/cm 
at x = 0. We note first that the DMI for our Pd1-xPtx/Fe0.6Co0.2B0.2 interface is very strong compared 
with those for Ta (or W) / Fe0.6Co0.2B0.2 systems,[30] i.e. Ds (Ta) = 0.36×10-8 erg/cm and Ds (W) = 
0.73×10-8 erg/cm. Secondly, the Pd1-xPtx composition enables a rather significant tunability of Ds 
because it is equivalent to a change from 8.3 (4.1) to 40.8 (20.1) times that of Ta (W)/Fe0.6Co0.2B0.2 
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systems.[32] The large amplitude of the DMI and its tunability (≥ 3⨉)  for x ≥ 0.5 where ξDL ≥ 0.2, 
make Pd1-xPtx especially intriguing for developing new chiral spintronic devices and for exploring new 
DMI effects on the performance of skyrmion, chiral domain wall devices, and micromagnetics during 
SOT magnetization switching. The quite different composition dependence of the interfacial DMI 
strength and damping-like SOT further confirms that the physical source of the observed strong SOTs 
in the Pd1-xPtx/FM systems is dominated by the bulk SHE other than the interfacial SOC. Note that 
while the interfacial DMI is mainly dertermined by the interfacial SOC that is sensitive to the short-
range ordering at the interface,[10] the intrinsic bulk SHE is determined by the bulk SOC-rated topology 
of the band structure of the HMs. [13] 
 
2.5. High energy efficiency in spin-torque applications  
We finally emphasize that the low ρxx and giant ξDL make Pd0.25Pt0.75 advantageous for SOT research 
and technological applications with metallic FMs. As a simple example, we first show in Figure 4a that 
damping-like SOT generated by the SHE of a 4 nm Pd0.25Pt0.75 can switch the magnetization of a Co 
0.64 layer (with an effective PMA field of 7.7 kOe and coercivity of 0.44 kOe) with a dc current of 
~4.8 mA (corresponding to je = 2.2⨉107 A/cm2 in the Pd0.25Pt0.75 layer) and a bias field Hx = ±100 Oe 
applied along the current direction. This reaffirms the giant ξDL of Pd0.25Pt0.75. To better illustrate the 
advantage of Pd0.25Pt0.75, in Table I we compare the parameters that are most important for SOT 
applications, i.e. ξDL, ρxx, and 𝜎SH
∗ , for the various strong spin Hall materials. In Figure 4b and Table 1, 
we further compare the calculated write power consumption (P) for a typical in-plane magnetized 
SOT-MRAM device, which curently is of the most technological promise for very fast (~200 ps), low-
current density, low-error rate,[7] and field-free switching,[33] based on these spin Hall materials by 
taking into consideration current shunting into the FeCoB free layer (see Supporting Information). 
Here we used a 600×300×4 nm2 spin Hall channel, a 190×30×1.8 nm3 FeCoB free layer (resistivity 
≈130 μΩ cm) and the parallel resistor model for the illustrative calculation (Supporting Information). 
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The power consumption for this modeled Pd0.25Pt0.75-based MRAM device is 320%, 50% and 20% 
smaller than low-resistivity Pt (20 μΩ cm)[15], high-resistivity Pt (51 μΩ cm), and  Au0.25Pt0.75. We note 
that ξDL of 0.2 for the high-resistivity pure Pt is the highest among the reported Pt values. The 
Pd0.25Pt0.75-based MRAM device is 8 and 23 times smaller than those based on β-W (300 μΩ cm),[8] 
and β-Ta (190 μΩ cm),[6] respectively. An MRAM device based on a magnetic tunnel junction with 
metallic ferromagnetic electrodes in combination with a Pd0.25Pt0.75 spin Hall channel is estimated to be 
markedly more efficient in energy than those that might utilize the topological insulators Bi2Se3 
(ξDL=3.5),[34] (Bi,Se)2Te3 (ξDL=0.4),[9] and BixSe1-x (ξDL=18.6),[35] mainly because the colossal resistivity 
of the topological insulators results in very strong current shunting into the free layer and giant energy 
consumption in the channel. The small resistivity also makes Pd0.25Pt0.75 more compelling than 
Au0.25Pt0.75 [14] for certain device applications, e.g. cryogenic computing, where the transistor circuits 
require a small write impedance for magnetic memory devices.[36] Moreover, Pd0.25Pt0.75 is compatible 
with both sputtering techniques and the use of Si substrates, which are preferable for integration 
technology. Therefore, the combination of the giant ξDL, the low ρxx, and the compatibility with 
microelectronics manufacturing technology makes Pd0.25Pt0.75 a particularly attractive spin Hall 
material for the generation and detection of spin currents in spintronic devices. 
 
3. Conclusions 
We have established via direct SOT measurements a strong spin Hall material Pd0.25Pt0.75 which has a 
giant internal spin Hall ratio of > 0.47 (yielding ξDL ≈ 0.26 for its bilayers with either Co or 
Fe0.6Co0.2B0.2), spin Hall conductivity of > 1.1×106 ℏ/2e Ω-1m-1, spin conductance 1/λsρxx of 0.89×1015 
Ω-1m-2, and a relatively low ρxx of ~57.5 μΩ cm (at 4 nm thickness). Particularly, this giant SHE and 
low ρxx make Pd0.25Pt0.75 more energy-efficient for manipulating metallic magnetic devices than the 
other HMs (W, Ta, Pt, and Au0.25Pt0.75) and the topological insulators Bi xSe1-x, Bi2Se3 and (Bi,Se)2Te3. 
We also find the interfacial DMI at Pd1-xPtx/Fe0.6Co0.2B0.2 interfaces is very strong and also widely 
tunable (⨉5) by Pt concentration x; especially for x ≥ 0.5 where ξDL ≥ 0.2, the interfacial DMI can be 
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tuned by a factor of 3. Our findings provide a highly efficient spin Hall material system that 
simultaneously combines a giant SHE, low resistivity, strong and tunable DMI, with excellent 
processing compatibility for device integration, for developing new efficient SOT-driven magnetic 
memories and chiral (skyrmion and chiral domain walls) spintronic devices. 
 
4. Experimental Section  
Sample growth and characterizations. The magnetic bilayers of Pd1-xPtx d/Co or Fe0.6Co0.2B0.2 t with 
different Pt concentration (x = 0, 0.25. 0.5, 0.75, and 1) were sputter deposited at room temperature on 
oxidized Si substrates and capped with MgO 2/Ta 1.5 protective layers where the Ta layer was fully 
oxidized upon exposure to the atmosphere. A seed layer of Ta 1 was grown prior to the co-sputtering 
of Pd1-xPtx layer in order to improve the adhesion and smoothness of the magnetic bilayers. The 
saturation magnetization of each sample was measured by a standard vibrating sample magnetometer 
embedded in a Quantum Design physical properties measurement system. A Rigaku Smartlab x-ray 
diffractometer was introduced to characterization the structure.  
 
Device fabrication and measurement. The stacks were patterned into 5×60 μm2 Hall bars by 
photolithography and ion milling for harmonic response measurements. A lock-in amplifier is 
introduced to source a 4 V sinusoidal voltage onto the Hall bar along the x axis (corresponding to an 
alternating electrical field of constant magnitude E ≈ 66.7 kV/m) and to detect the in-phase first and 
out-of-phase second harmonic Hall voltages. The current switching measurements were performed 
with a Yokogawa 76541 current source and a Keithley 2000 voltage meter. 
 
Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Table I. Comparison of ξDL, ρxx, 𝜎SH
 ∗ , and normalized power consumption P for various strong spin 
current generators (thickness = 4 nm).  
 
ξDL 
ρxx 
(μΩ cm) 
𝜎SH
 ∗   
(105 ℏ/2e Ω-1m-1) 
P Ref. 
Pd0.25Pt0.75 0.26 57.5 4.5 0.68 This work 
Au0.25Pt0.75 0.3 83 3.6 0.82 Zhu et al [14] 
Pt (high-ρxx) 0.20 51 3.9 1 This work 
Bi2Se3 3.5 1755 2.0 2.1 Mellnik et al [34] 
Pt (low-ρxx) 0.07 20 3.5 2.8 Liu et al [15] 
β-W 0.3 300 1.0 5.7 Pai et al [8] 
β-Ta 0.12 190 0.63 16.7 Liu et al [6] 
BixSe1-x 18.6 13000 1.4 20 DC et al [35] 
(Bi,Se)2Te3 0.4 4020 0.1 1474 Han et al [9] 
 
 
 
Figure 1. a) Schematic depiction of the magnetic stacks. x dependence of b) Pd1-xPtx resistivity (ρxx), c) 
ξDL and 𝜎SH
 ∗  for 4 nm Pd1-xPtx using Co and Fe0.6Co0.2B0.2 as FM detectors in the SOT measurements. 
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Figure 2. Pd0.25Pt0.75 thickness (d) dependence of a) HDL/E, b) ξDL, and c) ρxx; d) 𝜎SH
∗  plotted as a 
function of d (black squares) and the rescaled effective thickness (d0, red circles). The solid curve 
donates the best 𝜎SH
∗ -d0 fit. In d), d0 was rescaled with the resistivity of the 4 nm Pd0.25Pt0.75 film (ρxx0 = 
57.5 μΩ cm).  
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Figure 3. a) BLS measurement geometry; b) k dependence of ΔfDM; c) BLS spectra at k = 9.6 μm-1 and 
H = 1700 Oe (x = 1); and d) -D, and e) Ks vs -D for Pd1-xPtx 4/ Fe0.6Co0.2B0.2 2.6 bilayers with different 
x.  The red solid curves in c) represent fits to the Lorentzian function; the dashed line in e) refers to the 
best linear fit. 
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Figure 4. a) Deterministic current-induced magnetization switching in Pd0.25Pt0.75 4 nm/Co 0.64 nm 
bilayers (effective PMA field ≈ 7.7 kOe and coercivity ≈ 0.44 kOe) with a bias field Hx = ±100 Oe 
along current direction; b) Power consumption of normalized SOT-MRAM application for different 
spin Hall channel materials listed in Table I.  
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Spin-orbit torque (SOT) operations are currently energy inefficient due to a low damping-like SOT 
efficiency  and/or the very high resistivity of the spin Hall materials. This work establishes a very 
effective spin current generator Pd1-xPtx that combines a notably high energy efficiency with a very 
strong and tunable DMI for advanced chiral spintronics and spin torque applications. 
 
Key words: spin-orbit torque, spin Hall conductivity, spin Hall effect, Dzyaloshinskii-Moriya 
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A. X-Ray diffraction measurements 
 
 
Figure S1. X-ray diffraction θ-2θ patterns for Pd1-xPtx 4/Co t (t = 0.75 for x =1 and 0.64 for x ≤ 0.75) 
with different Pd1-xPtx composition x. 
 
B. Out-of-plane Harmonics response measurements 
 For harmonic response measurements, a lock-in amplifier was used to source a sinusoidal voltage (Vin 
= 4 V) onto the bar (length L = 60 μm) orientated along the x axis (see Figure S2(a)) and to detect the 
in-phase first and out-of-phase second harmonic Hall voltages, V1ω and V2ω.  As shown in Figure S2(b), 
the fairly square anomalous Hall voltage (VAH) hysteresis loops of Pd1-xPtx 4/Co 0.64 bilayers and the 
large coercivity of 250-500 Oe evidence the strong PMA of these samples, which allows us to obtain 
high-quality out-of-plane harmonic response data. The damping-like (HDL) and field-like (HFL) 
effective spin-torque field can be determined following HDL(FL)= -2
∂𝑉2ω
∂𝐻𝑥(𝑦)
/ 𝜕
2𝑉1ω
𝜕2𝐻𝑥(𝑦)
. We note that in 
analyzing our out-of-plane harmonics results we do not employ the so-called “planar Hall correction 
(PHC)” which was developed to account for any magnetoresistance effects in PMA HM/FM bilayers 
(the combination of anisotropic magnetoresistance in the FM and spin Hall magnetoresistance in the 
HM)[1]So far, there have little discussion in the published literature about the “PHC problem” although, 
as far as we know, it has been noticed by some other groups experienced in the harmonic technique.  
We do note that recently M. Hayashi, the developer of this “PHC”, has noted the existence of the 
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problem. [2] Experimentally, this “PHC” is not of a concern when the HM/FM systems have very poor 
interfacial spin transparency and very small spin torques are exerted because in that case, the changes 
in the measured spin torques due to this “PHC” are boringly small. The “PHC” is also found not to be 
important for high-spin transparency HM/FM systems when the ratio of the planar Hall voltage (VPH) 
and anomalous Hall voltage (VAH), ξ = VPH/VAH is not larger than ~0.1 as this correction actually has 
negligible influence on the value of the damping-like effective spin torque field (efficiency). However 
when ξ approaches 0.5, this “PHC” gives an infinite change, which certainly indicates the invalidity of 
the “PHC” in that case. In fact, when ξ is larger than typically > 0.2, we find this “correction” leads to 
larger numbers for the dampinglike spin-torque efficiency than it should be in all cases, in some cases 
to unphysical (sign reversal) values, that are in sharp disagreement with those values obtained from our 
other technique, i.e. the harmonic response measurements on the in-plane magnetized samples. 
Neglecting the PHC for the PMA samples gives results that are in close accord with the results from 
the IMA samples (see Figure 1c in the main text for a comparison of the dampinglike spin torque 
efficiencies from different techniques and different HM/FM systems). The clarifying of possible 
origins of this absence of magnetoresistance effects in the PMA harmonic measurements is beyond the 
scope of this paper and will be discussed elsewhere in detail. Here we show a few examples for the 
absence of such “PHC” in Table S1. The “PHC”, if applied, will give unreasonably larger dampinglike 
spin torque efficiency ξDL for the PMA Pt and Pd0.25Pt0.75 samples, and unphysical sign change in case 
of PMA Pd samples. In all the cases, the intentive application of such “PHC” leads to fieldlike spin 
torque efficiency ξFL that is unphysical in magnitude and sign. We also see such invalidaty (sign 
change) of “PHC” for β-W samples. 
 
 
Table S1  Examples for the absence of the so-called “planar Hall correction”. 
 
 
ξ = VPH/VAH 
Out-of-plane harmoncis 
No “PHC” 
Out-of-plane harmoncis 
With “PHC” 
In-plane 
harmonics 
ξDL ξFL ξDL ξFL ξDL 
Pt/Co 0.31 0.21 -0.049 0.30 0.14 0.19 
Pd0.25Pt0.75/Co 0.28 0.26 -0.048 0.33 0.13 0.25 
Pd/Co 0.56 0.07 -0.050 -0.1 -0.16 0.06 
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Figure S2. Out-of-plane harmonic response measurement. a) Schematic of the Hall bar devices and the 
measurement coordinate, a 4 V sinusoidal voltage was sourced onto the Hall bar along the x axis for all 
the harmonic response measurements; b) Anomalous Hall voltage hysteresis loops for different x; c. 
The first (V1ω) and d) second (V2ω) harmonic voltages plotted as a function of in-plane fields Hx (red) 
and Hy (blue), respectively (for x = 0.75). For clarity,  the Hy-dependent V1ω data in d) are artificially 
shifted by ±0.001 mV for ∓Mz, respectively. 
  
C. In-plane harmonics response measurements 
 
For in-plane magnetized HM/FM bilayer, the in-plane angle (φ) dependence of V2ω is given by V2ω = 
Vacosφ + Vpcosφcos2φ, where Va =–VAHHDL/2(Hin+Hk)+VANE, and Vp = - VPHHFL/2Hin  with VAH,  VANE, 
Hin, Hk, VPH, HDL, and HFL being anomalous Hall voltage, anomalous Nerst effect, in-plane bias field, 
perpendicualr anisotropy field, planar Hall voltage, damping-like effective spin torque field, and field-
like effective spin torque field. φ dependence of V1ω is given by V1ω = VPHcos2φ, from which the planar 
Hall voltage VPH can be determined. We separated the damping-like term Va and the field-like term Vp 
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for each Hin and each x by fitting V2ω data to V2ω = Vacosφ + Vpcosφcos2φ (see Fig. S3(a)). The linear 
fits of Va versus –VAH/2(Hin+Hk) and Vp versus -VPH/2Hin (see Fig. S3(b)) yield the values of HDL and 
HFL for Ptx(MgO)1-x/Co bilayers.  Here Va=-HDLVAH/2(Hk+Hin)+VANE, Vp = -VPHHFL/2Hin where VPH, 
VANE, and Hin are the planar Hall voltage, the anomalous Nernst effect voltage, and the applied in-plane 
magnetic field, respectively. 
      Here we further discuss the thermoelectronic effects. For HM/FM bilayer, there could be a vertical 
thermal gradient generated due to the Joule heating and asymmetric thermal dissipation into the 
substrate and capping layer. This vertical thermal gradient can contribute a transverse voltage that 
scales with ∇ T ⨉M via either anomalous Nernst effect (ANE) and longitudinal spin Seebeck effect 
(SEE). Here the symmetry of the longitudinal SEE is the same as that of the ANE signal, while the 
longitudinal SEE signal is generally negligible compared to the ANE signal (VANE+VSEE ≈ VANE).[3] 
For perpendicularly magnetized bilayers, e.g. Pt/Co, the harmonic response voltages are not influenced 
by the thermal gradient as ∇ T ⨉M = 0. For in-plane harmonic response measurements, the signal 
contributions of ANE and SEE are subtracted by the linear fits of Va versus –VAH/2(Hin+Hk) and Vp 
versus -VPH/2Hin yield the values of HDL and HFL for Ptx(MgO)1-x/Co bilayers.  
 
Figure S3. In-plane harmonic response measurement. a) In-plane angle (φ) dependence of V2ω for the 
Pd0.25Pt0.75 4/Fe0.6Co0.2B0.2 2.8 bilayer under in-plane bias fields with magnitudes of 1000 (blue) and 
3500 Oe (red), the solid lines refer to the best fit to V2ω=Vacosφ–Vpcos2φcosφ, where Va=-
HDLVAH/2(Hk+Hin)+VANE, Vp = -VPHHFL/2Hin with VPH, VANE, and Hin are the planar Hall voltage, the 
anomalous Nernst effect voltage, and the applied in-plane magnetic field, respectively. b) Va vs -
VAH/2(Hk+Hin) and Vp vs –VPH/2Hin for the Pd0.25Pt0.75 4/Fe0.6Co0.2B0.2 2.8 bilayer, where Va and Vp 
determined by fitting the φ dependence of V2ω. The slopes of the linear fits give HDL and HFL. 
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D. Determination of interfacial magnetic anisotropy energy density from FM thickness 
dependence study 
 
 
Figure S4| Determination of interfacial magnetic anisotropy energy density. a) Kefft vs t for Pt 4/ 
Fe0.6Co0.2B0.2 t bilayers. Here Keff = -4πMeff Ms/2 is perpendicular anisotropy energy, and the effective 
magnetization -4πMeff  = -4πMs +2 Ks/t and saturation magnetization Ms are determined by spin-torque 
ferromagnetic resonance and VSM, respectively; b) The interfacial magnetic anisotropy energy density 
Ks determined by the intercept of linear Kefft - t fits following Keff t = 2πMs2t+Ks. 
 
 
E. Calculation of power consumption of a SOT-MRAM device 
 
 
Figure S5. Schematics for a spin-orbit torque MRAM device. a) Dimension definitions. b) 
Current shunting into free layer.  
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Here we calculate the power efficiency of a model spin-orbit torque MRAM device consisting of a 
400⨉200⨉4 nm3 spin Hall channel and a 110⨉30⨉1.8 nm3 FeCoB free layer (resistivity ρFeCoB = 130 
μΩ cm) by taking into account the current shunting into the free layer. For convience of discussion, we 
note the device dimentions as shown in Figure S5a: channel length L = 400 nm, channel width W = 200 
nm, channel thickness d = 4 nm; free layer “length” a= 30 nm, free layer “width” b =110 nm, free layer 
thickness t = 1.8 nm, free layer length a = 30 nm, free layer width b = 110 nm, and free layer thickness 
t =1.8 nm. Since t << a and t << b, current spreading has a minimal influence and a parallel resistor 
model can be used. The total write current (Itot) in the spin Hall channel is given by 
2 1 2 2
2
(1 (1I HMtot
FM
I t a
I I I I I
I d W


     ） ）                   (1) 
where I1 is the current shunted into the FeCoB free layer and I2 is the “useful” current in the spin 
Hall channel that drives the magnetization switching (Figure S5b). ρFM and ρHM are resistivity of the 
free layer and heavy metal layers, respectively. According to macrospin model, which is found to work 
reasonably well for in-plane magnetized magnetic tunneling junctions, we have  
2 0
2
( 4 / 2) /s FM c eff DL
e
I M t H M                             (2) 
in which e, μ0, ℏ, α, Hc, Meff, and ξDL are the elementary charge, the permeability of vacuum, the 
reduced Planck constant, the magnetic damping, the coercivity, the effective magnetization, the 
damping-like spin torque efficiency, respectively. 
The power consumption is then given by:  
2 2 2
1 2= FM HM tot HM
a a L a
P I I I
bt Wd Wd
  

                             (3) 
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